Expanded polyvinyl alcohol is regarded as excellent buffering and leak-proof packaging material of liquid products due to its characteristics such as good liquid absorption and liquid retention properties, good mechanical properties under dry condition, and good rebound resilience under wet condition. Through static compression experiment, this study analyzed the mechanical properties and energy absorption properties of expanded polyvinyl alcohol with different densities under different temperatures and relative humidity. The experimental results showed that the effect of ambient temperature and humidity on expanded polyvinyl alcohol performance was mainly to change its internal moisture. The initial elastic modulus, plateau stress, and energy absorption value per unit volume of expanded polyvinyl alcohol increased as the density increased, the relative humidity decreased, or temperature increased. The above research can provide reference for applications of expanded polyvinyl alcohol on buffering packaging in actual logistic environment.
Introduction
Expanded polyvinyl alcohol (EPVA) is a new kind of environmental foam material. Many researchers had studied the preparation methods of EPVA material, including cross-linking foaming method, 1 continuous extrusion using water as blowing agent, 2 and depressurization foaming method using supercritical CO 2 as physical blowing agent. 3 Commercial grade of EPVA materials is usually manufactured by cross-linking foaming method, and formaldehyde is the common kind of crosslinking agent. At present, as absorption and filter materials, EPVA has been applied to cleaning products, medical and health care, wastewater treatment, and other fields based on its characteristics such as good liquid absorption and liquid retention properties, good mechanical properties under dry condition, good rebound resilience under wet condition, etc. 1, [4] [5] [6] However, the actual application of EPVA as packaging material was rarely reported. An 7 proposed that EPVA could be used as buffering packaging material of heavy products by studying its mechanical properties. Meantime, different ambient temperature and humidity may affect mechanical properties of material in the circulation process of products, but how they affect the mechanical properties was not studied. The author's research group 8 studied buffering characteristics of EPVA and proposed that EPVA could be applied to protective packaging of liquid products due to buffering properties and liquid absorption properties of EPVA. When the packaging container was damaged, the leaked liquid would be absorbed by EPVA quickly and timely. The above research about mechanical properties of EPVA was limited to the conditions of ambient temperature and humidity. However, EPVA has good moisture absorption properties, and its mechanical properties change with different moisture contents of material obviously. Moreover, the research on buffering characteristics of EPVA under different logistic conditions is blank so far. As a result, there is no reference data for packaging application of EPVA as buffering packaging material.
Products in circulation process will meet different logistic conditions, e.g. temperature, relative humidity (RH), random shocks, etc. These factors will affect mechanical properties of packaging materials, which then will affect buffering efficiency of materials, so the buffering characteristics of materials under different logistic conditions need to be studied. In the past, some researches had reported the effect of temperature and RH on mechanical properties of some foam materials, e.g. expanded polyethylene (EPE), expanded polystyrene (EPS), and expanded polyurethane. [9] [10] [11] [12] [13] However, EPVA was not involved in these studies. The purpose of this study is to reveal buffering characteristics of EPVA under different logistic conditions including temperature and RH, and to predict in advance whether the protection function is fail or not if logistic conditions change. In order to analyze mechanical properties and energy absorption properties of EPVA, the static compression experiments of EPVA with three densities under different temperatures and RH were studied. The above research can offer data parameters and reference value for optimizing package design of EPVA.
Experimental

Experimental materials
EPVA with three densities was supplied by Chainlon Cleaning Products Co., Ltd (Suzhou, China). The specimens were processed by cross-linking foaming method, and the degree of cross-linking among the three grades of EPVA was about same and the value was 60-65%. In order to test, all specimens were cut into blocks with dimensions of 50 mmÂ50 mmÂ30 mm (lengthÂwidthÂthickness). The parameters of specimens were shown in Table 1 . 
Experiment methods
Pretreatment of temperature and RH. All specimens were pretreated in accordance with ISO 2233-2000. 14 The experimental conditions were shown in Table 2 . The specimens were stored in the temperature and humidity programmable controller for 48 h. During the test, the specimens were placed within the working space of conditioning chamber, and the conditioning atmosphere could go freely through the top, sides, and at least 75% of the bottom area of specimens. The specimens should be tested in less than 5 min after departing from conditioning chamber.
Static compression experiment of EPVA. Since the experiment should be conducted outside the conditioning chamber, the specimens were tested in less than 5 min to avoid heat exchange in the environment as much as possible after they were removed from conditioning chamber. The experiment method should follow ISO 3386-1, 15 and the compression speed was 12 mm/min. According to experimental data, all static compression stress-strain curves of EPVA were plotted by Origin software.
Characterization of EPVA. Morphological analysis of EPVA was performed by a JCM6000 scanning electron microscope (SEM). Before the observation, specimens were coated with an Au-Pd alloy with an SEM-coating device.
Thermal properties test of EPVA was performed using a Q100 differential scanning calorimeter (DSC) in nitrogen atmosphere. Specimens were heated from 50 to 300 C, and the scanning rate was 10 C/min. Result and discussion
Foam morphology
In Figure 1 , SEM micrographs of EPVA with different densities were showed, and the magnification is 60 times. EPVA is characterized by a double open-cell structure, because in addition to large open pore of the inner surface, pore wall has also some small open-cell structure. When the density of EPVA is smaller, pore wall of EPVA has more open pore from Figure 1 (a) to (c). In Figure 1 (b) and (c), cell structure in the pore wall can be clearly observed. There are some black shadow in the left larger pore of Figure 1 (c) is due to the thin test sample covered with a layer of Au-Pd alloy. Moreover, as the density of EPVA decreases, cell size of EPVA is . EPVA: expanded polyvinyl alcohol.
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Journal of Cellular Plastics 54 (1) bigger, e.g. when the density is 0.143 g/cm 3 , cell size is micron level and the average value is about 100 lm. When the density is 0.117 g/cm 3 the average value of cell size is about 300 lm, and the density is 0.095 g/cm 3 , the average value is about 500 lm. Open-cell structure and cell size of EPVA are important factors to determine the difference of moisture absorption properties of EPVA.
The effect of temperature and humidity on moisture absorption properties of EPVA EPVA has good moisture absorption properties owing to open-cell structure and hydrophilic groups of material. 16 When ambient temperature or RH changes, the moisture contents of material also change, and then the mechanical properties of material will be affected because of different moisture contents. In order to study the effect of temperature and RH on moisture absorption properties of EPVA, the author defined the mass of specimen with 23 C and 50%RH as the standard parameter (marked as m 0 ), the mass of specimen under different temperatures and RH (marked as m) to m 0 ratio (namely m/m 0 ) was to reflect the change of specimen's internal moisture contents. Therefore, the relationship between moisture contents of EPVA and temperature and RH could be analyzed by the variation trend of m/ m 0 . The specimens with three densities which were pretreated according to Table 2 were weighed by electronic balance. In order to reduce the test error, five pieces of specimens with the same density under different pretreatment conditions were weighed, respectively, and the average mass was calculated to be used in the experiment.
The mass ratios of EPVA under different RH were presented in Table 3 , and the experimental temperature was 23 C. The results showed that the mass ratios of material increase as RH increases, which indicate that the moisture contents of EPVA increase as RH increases. The reason is that environmental temperature remains constant, the higher the RH is, the greater the atmospheric pressure of water molecules in the air is. So if the number of water molecules in unit volume of air is more, EPVA can more easily contact with the water molecules. As a result, moisture contents of EPVA are higher. Moreover, moisture contents of EPVA with different densities under the same temperature and RH are also different. The test results showed that pore structure is the main factor to decide moisture contents of EPVA. The experiments were later conducted with larger samples of 150 mmÂ50 mmÂ30 mm and a similar trend was observed.
The mass ratios of EPVA at different temperatures were presented in Table 4 . The experimental RH was 50%. The results showed that the mass ratios of material decrease as temperature increases, which indicate the moisture contents of EPVA decrease as temperature increases. The reason is that at a certain level of RH, the higher the temperature is, the higher the activity energy of water molecules and the thermal motion energy of material molecules are, leading to the increase of water vapor's evaporation pressure inside EPVA, which rises faster than the evaporation pressure of steam part in the air, so part of water molecules more easily diffuse to the external environment. 17, 18 As a result, the moisture contents of EPVA are less while the temperature is higher.
Therefore, when EPVA is applied to liquid product package, many factors including the density, environmental temperature, and humidity should be considered due to their influences on properties of EPVA, which can offer some references for product packaging design.
The static compression characteristics of EPVA under different RH
Packaging materials need to face different RH in the circulation process of products. 9 Some foam materials have no moisture absorption properties, the influence of RH on mechanical properties of materials can be ignored, such as EPE and EPS, etc. However, the factor of RH needs to be considered due to the moisture absorption properties of EPVA.
The static compression stress-strain curves of EPVA with different densities under different RH were plotted in Figure 2 , and the experimental temperature was 23 C. The results indicated that the static compression stress-strain curves of EPVA include three different stages, namely linear elastic zone, yield platform zone, and dense zone, and the compressive deformation mechanism of EPVA had been systematically studied in the early stage of the work by the author's research group. 19, 20 In Figure 2 the stress-strain curves appear as a down trend while RH increases. In other words, when compressive strain remains constant, the compressive stress decreases as RH increases. In addition, platform zone of the curves will extend slightly as RH increases. Therefore, environmental humidity can affect mechanical properties of EPVA, the main reason being moisture contents of EPVA, which are good plasticizers of EPVA. 16 The moisture contents of EPVA make the distance between polymer chains increase, leading to the decline of force between the chain segments. Hence, the compressive stress of EPVA decreases as moisture contents increase.
When ambient temperature and humidity remain constant, the density of EPVA also affects mechanical properties of material, and the compression stress-strain curves of EPVA with three densities are plotted in Figure 3 . The results showed that as the density of EPVA increases, the compressive stress at platform zone will increase, which indicates EPVA can bear greater compression load. The reason is that pore structure is different as the change of density. When EPVA with 0.143 g/cm 3 has smaller cell size and the distribution of pore structure is denser, then bearing capacity of material is better.
The static compression stress-strain curves of EPVA under different temperatures
For polymer foam materials, the effect of temperature on properties of materials is very important. On the one hand, molecular motions and transitions of polymers are closely related to temperature, shown in the below detailed analysis. On the other hand, moisture contents of some foam materials could be influenced by temperature, which will change mechanical properties of material.
Properties of polymer materials are influenced by temperature. In general, when the temperature is below their glass transition point (T g ), these materials are less flexible and with lower molecular mobility. As temperature increases above T g there is increasing mobility in the amorphous regions of the polymer structure. EPVA is a kind of thermosetting polymer foam material because EPVA is prepared by the cross-linking reaction of polyvinyl alcohol with formaldehyde. As a result, the glass transition temperature of EPVA material increases comparing with polyvinyl alcohol. The DSC curve of EPVA is plotted in Figure 4 , and the result showed that the glass transition temperature of EPVA was about 107 C. At the same time, the highest experimental temperature is 70 C, so foam material's molecular structure is not altered by experimental temperatures.
The static compression stress-strain curves of EPVA with different densities under different temperatures are plotted in Figure 5 , and the experimental RH was 50%. The results showed that the stress-strain curves appeared as an upward trend while temperature increased. In other words, when compressive strain remains constant, the higher the temperature is, the greater the compressive stress is. Moreover, as the temperature increases, platform zone of the curves will be slightly shorter. Similarly, the main reason is that the change of moisture contents of EPVA when temperature is different. According to the above conclusion that the higher the temperature, the smaller moisture contents of EPVA, we can conclude that at a certain level of compressive strain, compressive stress increases as moisture contents of EPVA decrease.
Therefore, the essence of the effect of temperature and humidity on mechanical properties of EPVA is the plasticizing effect of moisture contents of EPVA, which is important to determine buffering properties of EPVA when logistic conditions change, and the studies are helpful for packaging design of EPVA.
The relationship between the initial elastic modulus and yield stress of EPVA and temperature and RH
The static compression stress-strain curves of EPVA include linear elastic zone, yield platform zone, and dense zone. The first two stages mainly reflect the rigidity and energy absorption characteristics of foam materials, so it is very important to study buffering properties of foam materials based on the first two stages. The initial elastic modulus and plateau stress at platform zone were determined by experimental data. The results are shown in Figures 6 and 7 . The relation curves between the initial elastic modulus and temperature and RH are plotted in Figure 6 . The relation curves between plateau stress and temperature and RH are plotted in Figure 7 . The results indicated that at a certain temperature, the initial elastic modulus and plateau stress of EPVA with the same density decrease as RH increases. However, the relationship between the initial elastic modulus and plateau stress and temperature is just opposite. When RH remains constant, the higher the temperature is, the greater the initial elastic modulus and plateau stress are, and the relation curves show a certain linear trend. Moreover, the effect of density on the initial elastic modulus and plateau stress was also studied according to Figures 6 and 7 . At the same temperature and RH, the initial elastic modulus and plateau stress increase as the density of material increases. For example, the densities of material were 0.095, 0.117, and 0.143 g/cm 3 , respectively; the initial elastic moduli were 1.015, 1.328, and 2.461 MPa; and the plateau stresses were 0.094, 0.128, and 0.202 MPa in turn (test conditions are 23 C and 80%RH). The relationship between energy absorption properties of EPVA and temperature and RH The energy absorption behavior is an important characteristic for foam materials, which can be characterized by energy absorption value per unit volume in general. The compression stress-strain curves of EPVA include a long platform zone. It indicates that a large amount of energy is absorbed at relative low stress in the compression process of material. The energy absorption value (W) per unit volume of material was described as According to the stress-strain curves of EPVA, the dense stage of material begun to appear when the compressive strain was about 0.6. Therefore, the energy absorption value was determined when the compressive strain was 0.6 to evaluate buffering properties of EPVA under different logistic conditions, and the results were plotted in Figure 8 .
The relationship between energy absorption value and temperature and RH is shown in Figure 8 . When the temperature remains constant, the energy absorption value per unit volume of material decreases as RH increases. When RH remains constant, the energy absorption value per unit volume of material increases as temperature increases. The relationship between them shows a certain linear trend. Comparing the relationship between plateau stress and temperature and humidity, their results are the same, which indicates at the same compressive strain, the plateau stress is greater, EPVA can absorb more energy. The moisture contents of EPVA are the basic reason to affect energy absorption properties of material, the less the moisture contents of EPVA, the greater plateau stress, and the greater energy absorption value per unit volume of material.
In addition, the relationship between energy absorption value and density also was studied from Figure 8 . EPVA of 0.143 g/cm 3 has the greater plateau stress, and bearing capacity of material is better, the detailed analysis has been studied in Figure 3 , so its energy absorption value per unit volume is best. Comparing the three kinds of EPVA materials, EPVA of 0.143 g/cm 3 can be applied to buffer packaging design of some heavy product. EPVA of 0.095 g/cm 3 can be suitable for some light product due to less plateau stress and energy absorption value.
As buffering package material, energy absorption value of EPVA is the important parameter, which can offer reference for packaging design of the given product. 
